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KINETICS OF THE FLUOR INATION OF ZINC 
by Patricia M. O'Donnell 
Lewis Research Center 


SUMMARY 

The reaction between zinc metal and fluorine gas was studied over the temperature 
range of 100*^ to 400*^ C (373 to 673 K) and at pressures from 6 to 83 kilonewtons per 
square meter (50 to 625 torr) . At all temperatures and pressures the rate follows a 
parabolic equation. The parabolic rate constant is markedly pressure dependent. Above 
300*^ C (573 K) simple kinetics are complicated by zinc vaporization. At low tempera- 
tures an activation energy of 11.7 kilojoules (2.8 kcal) per mole was calculated; how- 
ever, a break was observed in the Arrhenius plot at ~300'^ C (573 K) . There is a clear 
change in the nature of the temperature dependence due to a change in mechanism be- 
tween the Low temperature region and the high temperatvire region. 


INTRODUCTION 

! .1 

The reaction of fluorine with zinc is reported by Haendler (ref. 1); he determined • 
the structure and density of zinc fluoride (ZnF 2 ) from X-ray powder patterns. Some 
thermodynamic studies report calculated heats of formation of the transition halides and 
compare them with experimental results (ref. 2) . A discussion of the entropies and en- 
thalpies of gaseous metal dihalides is presented along with other thermodynamic proper- 
ties by Brewer in reference 3. Although some corrosion studies have been reported 
(ref. 4), no kinetic studies have been reported on the reaction between fluorine and zinc. 
It is therefore of interest to study this reaction from a kinetic point of view and to eluci- 
date the gas solid reaction mechanism (including the formation of ZnF 2 , its temperature 
dependence, and its pressure dependence) and to compare the results with those for the 
zinc -oxygen reaction (refs. 5 and 6) . 



EXPERIMENT 


The fluorination apparatus used in this study and shown in figure 1 is identical to 
that used previously (ref. 7). The samples consisted of zinc strips 0.152 by 0.012 by 
0.0001 meter (6 by 0. 5 by 0.005 in.) with a hole in one end to facilitate handling. An 
emission spectroscopic analysis (in ppm) of the strips is as follows; cadmium, 0.2; 
calcium, 0.1; chromium, 0.2; copper, 0.1; iron, 0.1; lead, 3; magnesium, <0.1; 
silicon, 0.1. The strips were used as received in an oxide-free condition, they were 
stored in an inert atmosphere dry box. 

A strip is positioned in the furnace on its long side so that the fluorine exposure is 
uniform as shown in figure 1. The section is then closed, heated, and filled with fluo- 
rine. The pressure drop method used to follow the reaction is described in reference 8. 
This method is used to measure the pressure decrease with time in a vessel of known 
volume containing the zinc sample. The pressure is incrementally adjusted to its orig- 
inal value to eliminate an internal pressure effect. The amount of fluorine consumed 
during the course of the reaction can be calculated by assuming ideal gas behavior and 
by using the calibrated volume of the reaction chamber, the temperature, and the ob- 
served pressure drop values. Corrections are applied for the difference in density of 
the protecting oil floated on the mercury columns and the mercury in the manometers. 
Measurements are made at different temperatures and pressures and the results are 
recorded as a function of time with a strip chart recorder. 


RESULTS AND DISCUSSION 


The reaction between zinc and fluorine was studied at several conditions in order to 
determine the effect that both temperature and pressure had on the reaction. The tem- 
perature range studied was from 100® to 400® C (373 to 673 K) . The reaction was run at 
several different pressvmes; the lowest pressure was 6 kilonewtons per square meter 
(50 torr) at 350® C (623 K), and the highest was 83 kilonewtons per square meter 
(625 torr) at 100® C (373 K) . 


Since the molar volume ratio of ZnF 2 to zinc 2.29, a protective 

layer should be formed on the surface of the zinc metal; thus, further reaction is inhib- 
ited (ref. 9). If a linear plot of the fluorine consumed in milliliters of fluorine per 
square centimeters of zinc against time in minutes is made (fig. 2), it can be seen that 
the reaction is in fact inhibited as the film forms over the range of temperature studied. 
Further analysis of this data shows that a power law of the form 


kt 


( 1 ) 


2 



•where 

2 

y fluorine consumed, ml/cm 
t time, min 

k rate constant, (ml/cm^)^/min 
n exponent of reaction 

is followed. In figure 3 the log of fluorine consumed (in ml /cm ) against log time is 
plotted. The slopes of the low temperature lines are equal to 2±0.2; this indicates that 
the reaction follows a parabolic rate law at these temperatures and times up to 100 min- 
utes. The dashed line in figure 3 indicates a transition from the parabolic rate law at 
long times. The fluorine pressure was varied for several temperatures to determine 
what effect pressure had on the reaction. The data are plotted in figures 4 and 5 for 
100° and 350° C (373 and 623 K) . 

The reaction between fluorine and zinc forms only one fluoride which is an adherent 
film: it is the formation rate of this fluoride that is of interest. Since the law which 
describes the reaction has been determined, it is possible to calculate rate constants for 
the different temperature and pressure conditions studied . The rate constants calcu- 
lated from the data at different fluorine pressures and temperatures are shown in 
table I. If the data at a specified temperature are plotted against pressure (fig. 6), the 
parabolic rate constant is found to be markedly pressure dependent according to the 
equation K ^ aP“, which is similar in form to a generalized Langmuir isotherm. The 
value of m^at 100° C (373 K) is ~5 while the value of m at 350° C (623 K) is ~2. 

Moore and Lee (ref. 6) found the reaction of zinc with oxygen to be pressure dependent 
with a value of m = 1 where an abrupt change in the temperature dependency of the 
parabolic rate constant is observed. The plot of 26 kilonewton per square meter 
(200 torr) rate constants according to an Arrhenius plot in which the logarithm of the 
rate constant k is plotted against the reciprocal temperature is shown in figure 7 for 
a constant pressure of 26 kilonewtons per square meter (200 torr) of fluorine. An inter- 
esting break is observed in the curve at approximately 300° C (573 K) . This break indi- 
cates that the processes involved in the reaction change over the temperature range 
studied and that this change manifests itself in a significant change in the rate of the 
reaction. 

A change was observed in the mechanism of the oxidation of zinc at about this same 
temperature (ref. 6). There is a low activation process with a of 11.7 kilojoules 

(2.8±0.7 kcal/mole) and a distinct change in the rate determining process of the reaction 
at higher temperatures. The temperature at which this break occurred was approxi- 
mately 300° C (573 K). This temperature coincided with two other observed phenomenon. 
These were the loss of ductility of the metal strips and the formation of platelets during 
the reaction. 
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A microscopic examination indicated a surface variation between those strips fluori- 
nated at low temperatures and those fluorinated at high temperatures. The metallogra- 
phic pictures shown in figure 8 are (a) low temperature and (b) high temperature sur- 
faces at a magnification of 100. On the high temperature runs the surface always had 
five- and six-sided platelet formation. The formation of platelets is attributed to a va- 
porization and recrystallization reaction (refs. 9 and 10) . Weight loss data indicated 
that the rate of vaporization was approximately 0. 1 gram per hour. Other samples of 
zinc were run using a pressure of argon to simulate the conditions of the zinc fluorine 
runs. Again from weight loss data the vaporization was shown to decrease as the argon 
pressure was increased. At a high enough pressure the vaporization was eliminated. 

The problem becomes a boundary layer diffusion problem, and the zinc vaporization be- 
comes an important step. In the zinc fluorine studies the samples completely disinte- 
grated at temperatures above 400° C (673 K) . 

The vaporization reaction was studied independently by running zinc strip blanks at 
several temperatures under vacuum. At approximately 300° C (573 K) the zinc strips 
showed a loss of ductility, and at 350° C (623 K) some of the zinc had actually vaporized 
and redeposited on the cool end plug of the furnace. The conclusion is that there is a 
complex pressure effect dependent on temperature which changes the simple gas-solid 
interface reaction to one involving several steps - mass transfer through a gaseous 
boundary layer surrounding the solid, diffusion through the product layer, and a chemi- 
cal reaction step. This complexity is exhibited by a slope change as the temperature 
approaches the point where zinc vaporization becomes the predominent reaction. The 
reacting gas now not only has to react at the reaction surface but it must find its way 
through a vaporized layer at the surface to do so. Since an X-ray analysis of the sur- 
face of the metal after reaction indicated ZnFg on the surface and the microscopic exam- 
ination showed platelet formation, the reacting species must condense on the surface as 
the reaction step. 


Comparing the reaction between zinc and fluorine with that reported between zinc 
and oxygen up to 400° C (673 K) shows that both follow a parabolic reaction (ref. 11). 
However, the rate of the zinc owgen reaction is considerably lower; reported rate con- 
stants were of the order of 10 ml^cm ^min ^ (ref. 5) and an activation energy of 
167.3 kilojoules (~40 kcal/mole (ref. 6)) for the oxygen zinc reaction. The reaction of 
zinc with oxygen has been explained by the diffusion of interstitial zinc ions. At low 
temperatures the reaction has been reported to be logarithmic rather than parabolic . A 
break in the temperature -rate curve was observed in the oxidation reaction (ref. 12 ) at 
about 225 C. This was attributed to a change in the nature of the zinc oxide from amor- 


phous to crystalline with an increase in compactness. Whether a similar explanation is 
applicable with the fluorine reaction cannot be said. 
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CONCLUSIONS 


The formation of zinc fluoride can be described by a parabolic reaction. It is both 
pressure and temperature sensitive and at temperatvires above 300*^ C (573 K) a com- 
plex reaction due to zinc vaporization is involved. The rates of reaction are consider- 
ably higher than those reported for the oxidation of zinc by molecular oxygen. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, January 2, 1975, 

506-23. 


REFERENCES 

1. Haendler, Helmut M.; Patterson, William L., Jr.; and Bernard, Walter J.; The 

Reaction of Fluorine with Zinc, Nickel, and Some of Their Binary Compounds. 
Some Properties of Zinc and Nickel Fluorides. J. Am. Chem. Soc., vol. 74, 

1952, pp. 3167-3168. 

2. Barber, M. ; Linnett, J. W. ; and Taylor, N. H. ; Halides of the Transition Ele- 

ments of the First Long Period. J. Chem. Soc., 1961, pp. 3323-3332. 

3. Brewer, Leo; Somayajulua, G. R. ; and Brackett, Elizabeth: Thermodynamic 

Properties of Gaseous Metal Dihalides. Chem. Rev., vol. 63, 1963, pp. 111-121. 

4. Cabaniss, J. H.; and Williamson, J. G.: A Literature Survey of the Corrosion of 

Metal Alloys in Liquid and Gaseous Fluorine. NASA TM X-54612, 1963. 

5. Kubaschewski, Oswald; and Hopkins, B. E. : Oxidation of Metals and Alloys. 

2nded., Butterworths, 1962. 

6. Moore, W. J. ; and Lee, J. K. ; Kinetics of the Formation of Oxide Films on Zinc 

Foil. Trans. Faraday Soc., vol. 47, 1951, pp. 501-508. 

7. O'Donnell, Patricia; Preparation of Thin Film Silver Fluoride Electrodes from 

Constituent Elements. NASA TM X -2690, 1972. 

8. O'Donnell, Patricia M. : A Kinetic Study of the Fluorination of Silver. J. Electro- 

chem. Soc., vol. 117, no. 10, Oct. 1970, pp. 1273-1275. 

9. Chalmers, Bruce; Physical Metallvirgy. John Wiley & Sons Inc. , 1959. 

10. Drauglis, Edmund; Gretz, Ronald D. ; andJaffee, Robert I., eds. : Molecular 
Processes on Solid Surfaces. McGraw-Hill, 1969. 


5 



11. Pilling, N. B. ; and Bedworth, R, E.: The Oxidation of Metals at Hi^h Tempera- 

tures, Inst. Met. J., vol. 29, 1923, pp. 529-591. 

12. Vernon, W. H. J. ; Akeroyd, E. I. ; and Stroud, E. G. : Direct Oxidation of Zinc. 

Institute of Metals Paper 838, Sept. 1939. 


6 

















(a) Temperature, 100° C (373 K). 



(b) Temperature, 350° C (623 K). 
Figure 8. - Zinc surface after reaction. XIOO. 
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